ABSTRACT.Newly prepared phosphatidylethanolamine (PE) conjugates of glycosaminoglycans (GAGs) enabled us to immobilize GAGsto solid phase through hydrophobic interaction. Using these compounds, called GAG-PEs, we studied the effects of GAGs immobilized to culture plates coated with various extracellular matrix (ECM) proteins in terms of cell-substrate adhesion, DNAsynthesis, tyrosine aminotransferase (TAT) induction, and intercellular communication in primary rat hepatocytes. Treatment with chondroitin sulfate (CS)-PE at 10 jug/ml made laminin, fibronectin, vitronectin, and collagens type I-V less adhesive as substrates for cell attachment and inhibited cell spreading on these substrates. The effect on cell attachment was lost after long incubations over 2 h. Dermatan sulfate (DS)-PE was also inhibitory, but less effective. The conjugates of heparan sulfate (HS), heparin, and hyaluronan were much less effective. DNAsynthesis initiated by EGFin the culture on laminin substrates was inhibited most strongly by CS-PE, as well as by DS-PE and hyaluronan-PE, but not by either HS-PE or heparin-PE. With type I collagen substrates, GAG-PEshad similar effects but to lesser extent. TATinduction in the culture on laminin substrates but not on type I collagen substrates was significantly enhanced by CS-PE. In terms of DNAsynthesis and TATinduction, the culture on laminin substrates treated with CS-PEwas comparable to that at higher cell density on the non-treated laminin substrates. Intercellular communication assessed by dye coupling was maintained longer on the substrates treated with CS-PE. Taken together, our results demonstrate that CS immobilized especially onto laminin substrates inhibits the growth of hepatocytes and enhances their differentiated functions by modulating cell-ECM protein interactions.
views, see Refs. 13, 16, 19, 44, 53, 56) . Overall, thebiological functions ascribed to PGs depend on the concerted interactions of GAGand core protein moieties with other molecules such as ECMproteins and growth factors. Recently, an increasing number of reports have documented specific interactions of PG core proteins with other molecules, and in not a few cases, the core protein appears to be necessary primarily for immobilization at specific sites and spacing of GAG chains that are crucial for the biological processes (4, 6, 25, 31, 59) . In this regard, GAGchains of PGs are entirely different from free GAGsthat are diffusible, hence adding free GAGsmay not be suitable for evaluating the functions of GAGmoiety of PGs. PGs may be unsuitable for direct quantitative comparisons between the activities of different types of GAGchains, mainly due to the structural ambiguity of test PG samples, that is, the heterogeneity of the type, number, and spacing of GAG chains. In order to overcomethese problems, we have recently established novel GAGprobes by covalently coupling GAGs to phosphatidylethanolamine. These GAGprobes enabled us to immobilize GAGsonto solid phase such as plastic culture plates and cell surfaces through hydrophobic interaction (52).
Our previous studies in regenerating rat liver have suggested the importance of the hepatocyte-laminin interaction in regulation of hepatocyte growth and/or maintenance of hepatocyte-specific functions during the early stage of liver regeneration (17) and the possible involvement of PGs during the late stage (38). The liver contains a variety of PGs: decorin (CS/DS-PG) in blood vessels and sinusoids (55); basement membrane CS-PG (27) and , and perlecan (5, 9, 32, 41, 46, 49) in sinusoids, bile ducts and blood vessels; syndecan (HS/CS-PG) (14) and fibroglycan (HS-PG) (51) at the sinusoidal surface of hepatocytes. The transcripts of fibroglycan (39), decorin and biglycan (CS/DS-PG) (29), aggrecan (CS/KS-PG) and lumican (KS-PG) (23), perlecan (32, 41), and syndecan (22) have also been detected in liver. However, there have been only a limited number of investigations on the functions of these PGs (8, 21, 50) , and the contribution of their GAGmoieties to the functions has not been evaluated yet. Freshly isolated hepatocytes were suspended in WEsupplemented with 10~8 M each of insulin (Sigma) and dexamethasone, and were plated at 0.6-2.4x 105 cells per 0.5 ml per wel (2 cm2). At 2 h and 26 h of culture, the mediumwas replaced by WEsupplemented with 20 ng/ml EGF (Collaborative Research) and 10~7 Minsulin. At 2h, plating efficiency was about 85%regardless of the preparation of culture substrates. At 28 h, 625 nCi of [3H]thymidine (diluted to 0.3 Ci/mmol) was added to each well with or without 5 ptg of aphidicolin (Sigma). After 24 h, the cells were fixed by immersion in 1 ml of ice-cold 10% (w/v) trichloroacetic acid for 1-2h, and
replicative DNAsynthesis was determined as previously (36). Cellular protein was determined by the method of Lowry et al. (26) with bovine serum albumin as a standard.
Assay for TATinduction. Freshly isolated hepatocytes were seeded at 0.8-2.4x 105 cells per 0.5 ml per well (2cm2) onto the plates that had been prepared as above. After 2 h of incubation, the mediumwas changed to WEfree of dexamethasone and insulin. Themediumwas changedto samemedium or WEcontaining 10~5 M dexamethasone and 10~7 M insulin (33) 24 h after plating. After 4 h, the cells were washed with ice-cold DPBS and harvested with a rubber policeman in 0.1-0.3 ml of ice-cold 20 mMpotassium phosphate buffer, pH 7.0 containing 0.2 mMpyridoxal phosphate. Cells were disrupted by three cycles of freeze-thawing and the mixture was centrifuged at 20,000g for 30 min at 4°C. After an aliquot was taken for protein determination (26), the supernatant remaining was mixed with 20 mg/ml bovine serum albumin (protease-free; Sigma) in the buffer used for the harvest to give a protein concentration of 2.5-3 mg/mland was kept at 4°C for 48 h. TATactivity was assayed at the protein concentration of about 0.3 mg/ml as previously (10) and expressed with one unit as the amount forming 1 fimol of /7-hydroxyphenylpyruvate per min at 37°C. TAT induction was obtained after subtracting the activity in the culture not exposed to either dexamethasoneor insulin from that in the culture exposed to dexamethasone and insulin.
Electrophysiological techniques. Culture substrates were prepared by treating 2-well polystyrene chamber slides (Nunc, Inc., Naperville, IL) with either 1 /ig/ml type I collagen or 5 g/ml laminin and with 10 //g/ml CS-PE subsequently as in cell attachment assay. Freshly isolated hepatocytes were suspended in WEsupplemented with 10~8 Meach of insulin and dexamethasone and were plated at 3.4 x 105 cells per 2 ml per well (4.26cm2).
At 2h of culture, culture medium was changed to fresh medium. Within 24 h of culture, one cell of a cluster was injected 5% (w/v) Lucifer Yellow CH (Sigma) in 0. 15 M LiCl iontophoretically using 200 msec, 40% duty cycle and 2 nA hyperpolarizing pulses. Spread of fluorescence to adjacent cells wasobserved after 1 min. (17). Cell attachment to these ECMprotein substrates that had been treated with GAG-PEs was tested in a short-term (30-min) assay ( Fig. 1) . In order to detect either increased or decreased attachment, ECMproteins were used for coating at sub-optimal concentrations: 5 //g/ml for laminin and fibronectin; 1 ptg/ml for collagens. Cell attachment to all the substrates was progressively inhibited by increasing the concentration of CS-PEused to treat the substrates. The CS-PE concentration required for 50% inhibition (IC5o) was around 1 fig/ml. DS-PE was also inhibitory, but the IC50 was about 3 times higher than that of CS-PE. The other GAG-PEs were muchless effective. Similar results were obtained with substrates coated with 1 fjtg/ml type II collagen or 5 /^g/ml vitronectin (data not shown). These effects of GAG-PEs,however, were no longer observed after 2 h of assay incubation even when they were used at 10 //g/ml to treat the substrates. At this time point, about 85%of the cells was adherent regardless of the substrates. Whenthe substrates that had not been coated with ECMproteins were treated either with or without GAG-PE,little or no cell attachment was observed. Treatment of the substrates with CS-PE strongly affected morphology of adherent hepatocytes. As representatives, the morphology of the hepatocytes cultured onlaminin and type I collagen substrates is shown in Fig. 2 . In both cases, most of hepatocytes were spherical on the substrates treated with CS-PE, whereas they were more or less fiat on the non-treated substrates. Treatment of the substrates with DS-PEwas also effec-
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Taken together, these results showed that CSand DS, immobilized to the substrates through PE, efficiently reduced the rate but not the extent of hepatocyte attachment to ECMprotein substrates and inhibited cell spreading as well, probably by perturbing the interactions between hepatocytes and ECMproteins. Effects of GAGs Immobilized to Culture Substrates on DNASynthesis in Primary Hepatocytes. Since the treatment of ECMprotein substrates with CS-PE did not affect plating efficiencybut elicited a profound effect on morphologyof the hepatocytes adherent to the substrates, freshly isolated hepatocytes were seeded at a constant density and assayed for replicative DNAsynthesis initiated by EGF (Table I) . Cellular protein content was also determined as a criterion of cell density, on which DNAsynthesis in primary cultured hepatocytes is dependent ( Tissue culture wells were coated with 5^g/ml laminin or 1 jug/ml type I collagen and treated with 10 /ig/ml each of GAG-PEs. Hepatocytes were plated at 6 x 104 cells/cm2 and processed as described under Materials and Methods. Each value represents the mean of triplicate tests. * Values in parentheses are the relative ones with the respective controls (not treated with GAG-PE) as 100.
hyaluronan-PE was also inhibitory, but less effective. On the contrary, the treatment with HS-PEor heparin-PE caused an increase in DNAsynthesis and a slight decrease in protein content which suggested a decreased cell density. Similar results were obtained with type I collagen substrates, although treatments of the substrates with GAG-PEsother than DS-PEwere less effective. Reciprocal Modulation by Immobilized CS of DNA Synthesis and TA TInduction in Primary Cultured Hepatocytes. It has been reported that growth and differentiated functions of hepatocytes are reciprocally modulated by cell-cell contact (35). This led us to test the effect of GAGsimmobilized to ECMprotein substrates on TAT induction in primary cultured hepatocytes. When hepatocytes were exposed to dexamethasone from 24 to 48 h of culture as described previously (35), treatment of the substrates with GAG-PEdid not have any significant effect on TATinduction. Hepatpcytes were then exposed to dexamethasone and insulin from 24 to 28 h of culture and assayed for TATinduction (Table II) . TAT induction in the cultures on laminin substrates treated with CS-PE was 50% higher than that on the non-treated substrates. The treatments with the other GAG-PEsonly slightly enhanced TATinduction. With type I collagen substrates, TAT induction was slightly higher in the cultures on the substrates treated with CS-PE than in the others, but the difference was not significant. These results together with those described above demonstrate a less active DNA synthesis and a higher TATinduction in primary hepatocytes cultured on laminin substrates that had been treated with CS-PE than on the non-treated substrates. Hepatocytes were cultured at various cell densities on laminin substrates that had been treated with or without CS-PE and were assayed for DNAsynthesis and TAT induction (Fig. 3) . DNAsynthesis in the cultures on the non-treated substrates was progressively decreased by increasing cell density to 12 x 104 cells/cm2. On the other hand, DNAsynthesis in the cultures on the substrates that had been treated with CS-PE decreased progressively and reached a basal level even at the density of 6 x 104 cells/cm2. At this cell density, the inhibition caused by treating the substrates with CS-PE was about 50%. TATinduction increased with cell density regardless of the treatment of the substrates with CS-PE. However, TATinduction in the cultures on the substrates treated with CS-PE was higher than that on the non-treated substrates at any cell density, although Tissue culture wells were coated with 5 /zg/ml laminin or 1 //g/ml type I collagen and treated with 10 //g/ml each of GAG-PEs. Hepatocytes were plated at 8 x 104 cells/cm2 and processed as described under Materials and Methods. TATactivities in the cultures not exposed to either dexamethasone or insulin were 12.6 mU/mgprotein on laminin and 8.7 mU/mgprotein in those on type I collagen. (Fig. 4a ) and type I collagen (Fig. 4c) substrates. At this time, dye coupling wasstill strongin those cultures whosesubstrates had been treated with CS-PE (Figs. 4b and 4d) . In most cases, hepatocytescultured on laminin substrates were multiply-coupled to their neighbors, while those on type I collagen substrates weresingly-coupled. However, dye coupling in the cultures on these substrates treated with CS-PEbecame undetectable in additinal 3 h of incubation. These results indicate that CSimmobilized to culture substrates contributes to the maintenanceof intercellular communication.
DISCUSSION
Theattachmentof hepatocytesto ECM protein substrates was inhibited efficiently by treating the substrates with CS-PEor DS-PE (Fig. 1 ) in accordance with our previousresults obtainedusing other cell types (52). Theconcentrationsof these GAG-PEs required for the inhibition werein the range rather lower than those of aggrecan (CS/KS-PG) (20, 42), PG-M(CS-PG) (59), serglycin (CS-PG) (3, 4), and decorin and biglycan (DS/CS-PG) (25, 57) determined mainly with fibroblasts. The spreadingof hepatocyteswasalso inhibited by treating the substrates with CS-PE (Fig. 2) or DS-PE.This is compatible with the previous observation that primary hepatocytes do not spread within 4 h on substrates coated with liver-derived DS-richPGfraction as they do on those without coating (48). These effects on cell spreadingmaybe related with the contraction of cell sheet by free DSor heparin added to the primaryhepatocytecultures andthe increased packingdensity by aggrecanor a mixtureof decorin and biglycan (50). It has also been reported that the spreading of fibroblasts and tumor cells is inhibited by aggrecan (42) and serglycin (3) Numerousstudies have demonstrated that heparin, HS, or HS-PGadded to culture media stimulates or inhibits cell growth depending on cell type or culture conditions (7, 15, 18, 37, 58) . In our case, HS or heparin that had been immobilized to ECMsubstrates caused an increase in replicative DNA synthesis, a part of which may be due to the decreased cell density (Table  I) . By contrast, CS strongly inhibited DNAsynthesis, and DS and hyaluronan were also inhibitory but less effective. These findings demonstrate that GAGchains (Table II) . It has been reported that treatments of dedifferentiated hepatocytes in culture with a mixture of decorin and biglycan, or aggrecan, but no with either free CS or DS restore the level of mRNAsfor liver-specific proteins such as albumin, ligandin, and arantitrypsin (8). Thus, the immobilization and/or clustering of CS chains through the PE or the core protein moiety appear to be essential for the enhancement of the differentiated functions. CS immobilized to culture substrates reciprocally modulated DNAsynthesis and TATinduction in primary cultured hepatocytes (Fig. 3) as has cellcell contact done (34). In other words, hepatocytes cultured on laminin substrates that had been treated with CS-PE were comparable to those cultured at higher cell densities on the non-treated substrates regarding DNA synthesis and TATinduction. These results suggest the possible presence of cell surface CS-PG which is responsible for the maintenance of hepatocyte-specific functions as well as the quiescence of hepatocytes. CS immobilized to ECMprotein substrates efficiently delayed the disappearance of dye coupling in primary cultured hepatocytes (Fig. 4) . This effect is comparable to those of aggrecan and a mixture of decorin and biglycan on the reappearance of dye coupling in primary hepatocytes cultured over 24 h in serum-free medium (50). Taken together with the other results mentionedabove, it is evident that CS-PEhas activities comparable to PGsadded to culture media in the other experimental systems, suggesting that at least a prat of the activities of PGs is mediated through the GAGchains of PGs immobilized to solid phase such as culture surfaces. Considering such functional aspects, we would name GAGPEs neoproteoglycans. However, the immobilization of GAGs to substrates significantly influenced none of DNA synthesis, TAT induction, and dye coupling, when the treatment of cells or the assays were done at later time. GAG-PEs may not be stable enough to exert their effects for a longer period, and this would be a future problem to be solved, The effects of CS on DNAsynthesis, TAT induction, and dye coupling were pronounced when CS was immobilized to laminin substrates rather than to type I collagen substrates. Laminin transiently expressed in the sinusoids of regenerating liver is implicated in growth stimulation of hepatocytes and/or maintenance of hepatocyte-specific functions during the early stage of regeneration (17). Our present data may suggest the im-portance of the contact of hepatocytes with CSsimultaneously with laminin in growth suppression and recovery of functions to normal levels during the late stage of liver regeneration. Finally, it is noteworthy that fat-storing cells are a major source of PGs in liver (1, 1 1) and that TGFs, which are implicated in liver regeneration (12, 28), increase the synthesis of PGs, especially of CS-PG (2) and the mRNAlevels of biglycan and decorin (29) Brennan, M.J., Oldberg, A., Hayman, E.G., and Ruoslahti, E. 1983. Effect of a proteoglycan produced by rat tumor cells on their adhesion to fibronectin-collagen substrata. Cancer
